While structural biology aims at explaining the biological function of membrane proteins with their structure, it is unclear how these proteins are modulated by the complex lipid composition of membranes. Here, we address this question by mapping the conformational distribution of the bacterial oligopeptide transporter DtpA using single-molecule fluorescence spectroscopy. We show that DtpA populates ensembles of conformers that respond sensitively to the environment. Detergents trap the transporter in an inward-open ensemble in which the substrate binding site faces the cytosol. However, reconstitution in Saposin nanoparticles with different lipid compositions, reveal a plethora of alternative conformations, including a fully inward-open ensemble whose existence had not been anticipated before. The relative abundance of these ensembles depends on the lipid composition of the nanoparticles.
Introduction
Membrane proteins with their ability to shuttle, pump, exchange, and transmit signals across membranes [1] [2] [3] [4] [5] [6] [7] , represent nearly one third of the proteins in living organisms 8, 9 . Lipid bilayers do not only compartmentalize cells, but the diverse functions of membrane proteins turn lipid bilayers into specialized and highly selective barriers for a broad variety of compounds. Lipids have been shown to play crucial roles in maintaining the structural and functional integrity of membrane proteins [10] [11] [12] [13] [14] [15] . Unfortunately, biochemical and structural studies by x-ray crystallography or cryo-electron microscopy often require extracting these proteins from their natural environment [16] [17] [18] . For example, numerous structures of membrane proteins have been determined in detergent solution [19] [20] [21] [22] . However, to derive mechanistic models of their function, it is essential to study these proteins in environments that mimic lipid bilayers as closely as possible [23] [24] [25] [26] . Here we show that this is particularly important for a transporter belonging to the major facilitator superfamily (MFS).
The MFS is one of the largest families of membrane transporters in nature 27, 28 . They mediate the uptake of a broad variety of substrates and play a crucial role in cell homeostasis 29 . Members of the MFS share a common fold 30 : they are comprised of twelve transmembrane helices that are organized in two six-helix bundles, the N-terminal and the C-terminal domain (Fig. 1, 2a ). Residues from both domains form the substrate-binding site in the center of the protein.
It has been suggested that MFS transporters function via an alternate access mechanism 31, 32 where transport is mediated through conformational changes that allow the active center to face either side of the membrane. A full transport cycle requires at least three different conformations 33 : inward-open, occluded, and outward-open (Fig 1) . A more recent model based on available crystal structures, named Clamp-and-Switch model 34 , proposes that substrate binding in the outward-open state causes the tips of two membrane helices to close, which results in a partially occluded conformation. This clamping step is followed by a switching motion in which the N-terminal and C-terminal domains move against each other, thus forming the inward-open state with the substrate-binding site being exposed to the cytoplasm.
A particularly important subfamily of the MFS are proton-dependent oligopeptide transporters (POTs) 27 .
POTs utilize proton gradients 35 to uptake di-and tripeptides but also peptide-mimetic drugs 36, 37 . Their remarkable substrate promiscuity 38, 39 together with their highly abundant MFS fold 40 makes them ideal models to understand the interplay between conformational changes and transport. Numerous bacterial POT structures have been determined to date [41] [42] [43] [44] [45] [46] [47] [48] [49] [50] [51] [52] [53] [54] [55] [56] [57] [58] . We focus on the E. coli peptide transporter DtpA 59, 60 to explore the effect of different environments such as detergents and Saposin nanoparticles 61, 62 (SapNPs) with different lipid compositions on the conformation of the protein using single molecule FRET (smFRET) [63] [64] [65] [66] [67] [68] . DtpA is an ideal model system since its substrate specificity is remarkably similar to that of its homologs PepT1 and PepT2 from human 36, [69] [70] [71] [72] [73] [74] [75] . In contrast to its human homologs, DtpA can be expressed and purified from bacterial expression systems and remains stable in detergent solution allowing to develop a straightforward site-specific labeling protocol with FRET-fluorophores.
Results

Preparation of DtpA variants for FRET experiments.
To identify optimal labeling positions for the thiol-maleimide coupling 76 of our FRET fluorophores, we performed an extensive screening of multiple DtpA variants. First, we replaced three internal cysteines by serine residues to avoid any unspecific labeling that could impair the functionality of the transporter.
Although these mutations destabilize DtpA ( Fig. S1 ), we found that the structural and functional integrity was preserved in two variants, which carry the labels on the cytoplasmic side: W203C/Q487C (WQ) and W203C/T351C (WT) ( Fig. 2a , 2e, S2-3), thus making them optimal for our FRET experiments. Both variants maintained their binding affinity to known substrates ( Fig. 2g , S1) and to a conformation-specific nanobody (N00) (Fig. 2b , S4-5, Table S1 ) that binds the periplasmic side of DtpA 57 . In addition, these variants are fully functional as probed by an in vivo transport assay using the fluorescent substrate N-7amino-4-methylcoumarin-3-acetic acid coupled to β-Ala-Lys (AK-AMCA) 73 (Fig. 2d, S6 ). Importantly, we also confirmed that labeling with donor (Alexa Fluor 488) and acceptor (Alexa Fluor 594), does not affect the structural and functional integrity of the transporter. Similar dissociation constants of N00 binding were observed for the wildtype protein (KD= 7.13±0.03 nM), the WQ variant (KD=6.28±0.03 nM), and the FRET labeled WQ variant (KD=5.40±0.03 nM), (Table S1 , Fig. 2b -c, S4-5). The thermal stability profiles of labeled and unlabeled variants were similar in the presence or absence of substrates ( Fig. 2g,   S7 ) and, when reconstituted in SapNPs, the variants show an increased stability, as expected from a previous study 61 , (Fig. S8 ). DtpA variants could be efficiently reconstituted in SapNPs of various lipid compositions, and formed homogeneous particles as monitored by SEC and SDS-PAGE (Fig 2f, S9 ). Since both variants (WQ and WT) show very similar results, we mainly focus on the WQ variant in the following. However, complementary data for the WT variant are shown in the supplementary information ( Fig   S1-3 , S5-7, S10-11, S15, S22).
Detergents as membrane mimicking environment.
Maltoside based non-ionic detergents such as DDM (n-dodecyl-β-D-maltoside) and LMNG (lauryl-maltose-neopentyl-glycol) are commonly used for structural and functional studies of membrane transporters such as DtpA 18, 77, 78 . However, all current x-ray structures show POTs in an inward-open conformation and the lack of outward-open structures is currently hampering an atomic level understanding of the transport cycle. We conjectured that the crystallization bias towards the inward-open conformation could indicate that outward-open conformations are thermodynamically disfavored in LMNG micelles. We therefore started our smFRET experiments with freely diffusing DtpA at a LMNG concentration above the critical micelle concentration (0.002%). The FRET histograms of both variants show two populations ( Fig. 3a-b , S10a-b). We find a dominant peak at intermediate FRET efficiencies with an average value of E = 0.50±0.03 ( Fig. 3a) , which is in good accord with the expected value of 0.54 based on the x-ray structure if the conformational freedom of the dye linkers is taken into account ( Fig. S11 ). A second minor conformation (≈ 12%) is found at high FRET efficiencies of E = 0.89±0.02. Based on the alternate access model ( Fig. 1 ), high FRET values are indeed expected for outward-open or occluded conformations of DtpA, in which the cytoplasmic labeling sites will be in a closed state. To identify the high-FRET population species, we added a conformation-specific nanobody (N00) that binds the transporter on the periplasmic side. If the high-FRET population represents the outward-open conformation, we expect the high-FRET population to disappear at saturating concentrations of N00. However, despite its nanomolar affinity for DtpA as demonstrated in independent biolayer interferometry experiments ( Fig. 2c , Table S1 ), the high-FRET species does not vanish, indicating that this population rather presents conformations that are sampled independently of N00-binding to the opposite periplasmic side. These results do not allow an unambiguous assignment of the high-FRET population to an occluded or outward-open state and rather imply that the periplasmic and cytoplasmic sides of DtpA retain a certain degree of independence in LMNG.
In summary, we found that DtpA in LMNG micelles preferentially adopts an inward-open ensemble, which indeed explains the strong bias of current x-ray structures towards the inward-open structure. Any effector that shifts this equilibrium towards outward-open or occluded states provides a chance to obtain high-resolution x-ray structures of these missing states. We therefore checked the effect of ten different substrates on the balance between high-and low-FRET populations. Even though the substrates efficiently bind to the transporter (Fig. S12 ), there is no change in the observed FRET histograms ( Fig. S13 ). Since
DtpA is a proton-substrate symporter, we also recorded smFRET histograms at pH-values in the range between pH 4 to 8. However, the FRET distributions also remained unaltered by changes in pH ( Fig.   S14 ). We therefore conclude that the inward-open conformer of DtpA is very stable in LMNG and cannot easily be shifted to alternative conformations, a finding that is in accord with previous x-ray structures that only spotted marginal changes in DtpA in the prodrug bound and apo-state 57 .
Conformations of DtpA in SapNPs.
However, detergent micelles do not reflect the native environment of a cell membrane. To obtain information on the conformational ensemble of DtpA under more native conditions, we performed experiments in Saposin A nanoparticles (SapNPs) with different lipid compositions. We first reconstituted DtpA WQ in SapNPs using POPE (1-Palmitoyl-2-oleoyl-sn-glycero-3-phosphoethanol-amine), the most abundant phospholipid in E. coli. 79 The FRET histogram of DtpA WQ in POPE SapNPs differs substantially from that obtained in LMNG micelles (Fig. 3c ). The distribution is broader and shows an increased population at high FRET. Contrary to LMNG, the addition of N00 efficiently suppresses this high-FRET population ( Fig. 3d ). In line with the alternate access model, this result indicates a strong coupling between the cytoplasmic and periplasmic side of DtpA, suggesting that the high-FRET population in POPE SapNPs in the presence of N00 can be assigned to the outward-open state of DtpA. However, even at saturating concentrations of N00 ( Fig. 3d ), the FRET-distribution is significantly broader than that obtained in LMNG ( Fig.  3b and 3d). Broadening of smFRET histograms can originate from a variety of sources including rotational freedom of the dyes, i.e., high fluorescence anisotropy 80 , static quenching due to contacts between FRET-dyes, and aromatic amino acids 81 , and conformational heterogeneity. Since we are particularly interested in the latter origin, we performed control experiments to rule out that the broadening results from anisotropy or quenching effects. We found steady-state donor fluorescence anisotropies of r = 0.219±0.156 in the absence and r = 0.219±0.154 in the presence of N00. Since similar values are found in LMNG micelles, the histogram broadening in SapNPs does not result from a restricted orientational freedom of the FRET-dyes ( Fig. S15 ). In addition, using nanosecond fluorescence correlation spectroscopy 65 (nsFCS), we find that static quenching of the acceptor dye, which has the strongest effects on FRET histograms 81 , has only a marginal amplitude ( Fig. S16 ) and is therefore unlikely to cause the enormous broadening of the FRET distribution. The most likely cause of the broad FRET distribution is therefore structural heterogeneity at timescales slower than the molecule diffusion time through the confocal spot in our microscope (~ 1 ms), indicating that the inward-open conformation of DtpA in POPE SapNPs is rather an ensemble of states with a distance distribution than a single state with a well-defined distance.
This heterogeneity is expected to be static at the fast nanosecond time-scale of the donor fluorescence lifetime 65 , which is expected to cause deviations from the predicted linear dependence between donor lifetime and transfer efficiency 65, 66 . This deviation is indeed observed experimentally ( Fig S17) . Surprisingly, the same deviation is also found for DtpA in LMNG ( Fig. S17 ), indicating that structural heterogeneity is also found in LMNG micelles. Hence, the narrower FRET distribution in LMNG arises from a faster sampling of this distribution compared to POPE SapNPs. Apparently, the lipid environment of DtpA does not only affect the distribution of structural states but it also affects dynamics. In summary, our results show that (i) the native membrane environment restores the coupling between cytoplasmic and periplasmic side and (ii) it slows the dynamics within the inward-open ensemble.
Phospholipid compositions tune the ensemble of DtpA conformers.
After demonstrating that a native-like membrane environment causes significant changes in the conformation and dynamics of DtpA compared to LMNG micelles, we checked whether DtpA is also affected by the type of phospholipids. We therefore reconstituted labeled DtpA WQ in SapNPs composed
, or BL (brain lipid extract) ( Fig. 4 a-d These results demonstrate that DtpA also exhibits a strong sensitivity to the specific lipid composition and it is currently unclear whether this sensitivity has also functional effects. The low-FRET population observed in POPS and POPA is particularly surprising. Its existence had not previously been anticipated by any transport model and its functional role in the transport cycle is currently unknown.
We therefore checked whether the addition of substrate alters the abundance of the three populations.
However, similar to our findings in LMNG, we found that the addition of substrates does not affect the conformational variety of DtpA (Fig. s18 ). Although the prodrug bound x-ray structure also does not show substantial structural changes compared to the apo-structure 57 , the invariance of the conformational distribution of DtpA to substrate in SapNPs is surprising. However, in cells, substrate concentrations differ significantly between periplasm and cytoplasm, thus generating an asymmetry that is not reproduced in our experiments. If the affinities for substrates are similar on both sides of DtpA, the isotropic concentration of substrate on both sides in our experiments may indeed cause the conformational invariance of DtpA towards substrate. To identify alternative parameters that can shift the conformational equilibrium we tested the thermal response of DtpA in LMNG and POPS SapNPs.
Temperature modulates the structural ensembles of DtpA in micelles and membranes.
The experiments were performed in the temperature regime between 3°C and 30°C. We verified independently that the structural integrity of WQ in SapNPs and in LMNG is unaffected in this temperature range ( Fig. 2g , S1, S7-8). In LMNG micelles, the inward-open population shifts continuously to lower transfer efficiencies with decreasing temperature (Fig. 5, left) . This shift is also associated with a signifi- 
Discussion
POTs have been extensively studied by x-ray crystallography and biochemical transport assays over the past years 27, 36, 39, 59, 70, 73, 83, 84 . Numerous structures of various bacterial homologues in the absence and presence of substrates, drugs, and prodrugs are available, highlighting crucial residues for substrate binding and proton coupling [41] [42] [43] [44] [45] [46] [47] [48] [49] [50] [51] [52] [53] [54] [55] [56] [57] [58] . Unfortunately, only inward-open and partially inward-open states of POTs have so far been described at atomic resolution and the influence of the membrane environment on structure and transport has been neglected 41, 42, 47, 52, 53, 55, 58 . Our aim was to close this gap by mapping the conformational distribution of POTs in different membrane-mimicking environments using smFRET. Our results show that the conformational distribution of the bacterial POT DtpA depends sensitively on two major parameters: (i) lipid environment and (ii) temperature. In particular, we show that both conformational distribution and dynamics differ substantially between micelle and a lipid membrane environment. Hence, care has to be taken when interpreting functional aspects based on x-ray structures obtained in detergent.
Clearly, the precise lipid composition in E. coli is difficult to reproduce in vitro and at best, our experiments covered extreme limits. However, given the complexity of natural membranes in which compositions can vary on sub-micrometer length scales, e.g., in micro-domains 85 , the heterogeneity found among four membrane-like environments in our experiments may suggest that DtpA is also conformationally heterogeneous in the cell membrane. While x-ray structures picture models with well-defined states, our results rather indicate that such states are better described as structural ensembles that exhibit significant dynamics. The role of these dynamics on functionally relevant timescales in a productive transport cycle has to be the topic of future experiments. were generated by site-directed mutagenesis. Briefly, wildtype DtpA in pNIC-CTHF vector was used as template for PCR with mutagen primers containing the desired mutation (Table S2 ). Mutations were confirmed by DNA sequencing. Saposin A was c cloned into pNIC-Bsa4 expression vector Addgene plasmid-ID Plasmid #26103) using LIC cloning. The nanobody (N00) was cloned into a pMESy2 vector.
DtpA Variants, Expression Purification and Labeling.
DtpA variants were expressed and purified as previously described 57 . The constructs were transformed into E. coli strain C41(DE3) and grown in TB medium supplemented with 30 µg/ml kanamycin at 37°C. The cells were induced by 0.2 mM IPTG at OD600 nm of 0.6, incubated further for 16 hours at 18ºC, and harvested by centrifugation (9379 g, 15 min, 4°C). Then the cells were resuspended in lysis buffer (20 mM sodium phosphate pH 7.5, 300 mM NaCl, 5% (v/v) glycerol, 15 mM imidazole, 0.5 mM TCEP, 5 units/ml of Dnase I, 1 mg/ml lysozyme, and protease inhibitor). Typically, 5 ml of lysis buffer were used for 1 g of cell pellet. Cells were lysed by three cycles using an EmulsiFlex-C3 (Aventin) at 10,000 psi. After a low-speed centrifugation step (10,000 g, 15 min, 4°C) that separated the undisrupted cells and debris, an ultracentrifugation step of the supernatant was performed to pellet the membrane fraction (142,400 g, 50 min, 4°C). The crude membranes were resuspended in lysis buffer, supplemented with 1% LMNG, 0.5 mM TCEP and protease inhibitor, and stirred for 60 min at 4°C. After an additional ultracentrifugation step (104,600 g, 50 min, 4°C), DtpA was purified by Immobilized Metal Affinity Chromatography (IMAC) using Ni-NTA agarose (ThermoFisher). Cysteine Accessibility Assay. We tested the accessibility of cysteine residues of DtpA variants before and after labeling. Briefly, 0.15 mg/mL of each variant were incubated with methoxypolyethylene glycol maleimide 5000 (PEG-maleimide) (Sigma-Aldrich) at 2 mM final PEG-maleimide concentration for 30 min at RT. SDS-PAGE was performed using a 4-12% Bis-Tris gel (Expedeon) and stained using InstantBlue Coomassie Protein Stain (Expedeon).
His
In vivo Uptake Assay. The uptake assay of the fluorescent N-7-amino-4-methylcoumarin-3-acetic acid coupled to β-Ala-Lys (AK-AMCA) dipeptide was performed as described previously with minor changes 73 . For in vivo uptake, the DtpA expression plasmid was transformed into E. coli strain C41(DE3).
Transformed bacteria were grown at 37°C in TB medium supplemented with 30 µg/mL kanamycin. At an OD600 nm of 0.6, cells were induced with 0.2 mM IPTG and incubated for further 3 h at 37°C. Cells were harvested by centrifugation at 3214 g for 15 min at 4ºC and suspended in assay buffer (20 mM sodium phosphate pH 7.5, 150 mM NaCl, 5 mM glucose) to OD600 nm of 10. In a final volume of 100 µl, 50 µl assay buffer, and 40 µl cells at OD600 nm of 10 were incubated with 10 µl of 1 mM AK-AMCA for 20 min at 37°C. For the negative control, double distilled water instead of AK-AMCA was added. The reaction was stopped by the addition of 200 µl ice-cold assay buffer. Cells were washed twice with 200 µl ice-cold assay buffer and finally suspended in 200 µl ice-cold assay Buffer. Remaining fluorescence was measured using a Tecan Spark multimode microplate reader (Tecan Life Sciences) with an excitation of 350 nm and emission of 450 nm. To correct for the number of cells contributing to the fluorescence signal, the OD600 nm for each sample was measured. Western blot was performed to account for differences in expression level of the variants and the wildtype. In short, SDS-PAGE using a 4-12% Bis-Tris gel (Expedeon) was performed and transferred on a PVDF membrane (Biorad). 2% BSA in TBST (Sigma) was used for blocking, TBST was used as washing buffer. The membrane was incubated with HisProbe-HRP conjugates antibody (ThermoFisher) for 1 h at RT. The blot was developed using Super Signal West Pico Substrate (ThermoFisher) and Super Signal West Femto Substrate (ThermoFisher) in a 1:10 ratio.
Reconstitution of DtpA Variants in Saposin A Nanoparticles (SapNPs).
Labeled DtpA variants were reconstituted into SapNPs using a 1:20:35 molar ratio of DtpA variant:SapA:lipids 26 . Lipid stocks were prepared as previously described 26 Chains that sterically clashed 88 with the protein were discarded. For computational ease, the conformational space was sampled stochastically as a biased random walk and probabilities for each step were derived from the RIS. Convergence was reached after sampling 10,000 linker conformations (standard deviation in predicted FRET <0.003). Geometric and energetic parameters of the linker were taken from Rehan, M et al. 87 , the fluorophore size from Kalinin, S. et al. 89 [93] [94] [95] . The temperature inside the confocal spot was determined by precisely measuring the diffusion coefficient of Oregon Green (ThermoFisher Scientific) in water using 2f-FCS 96 (Fig. S25) . The average of the fits from three independent measurements at each temperature were used to determine the viscosity of water given the hydrodynamic radius of Oregon Green, (0.6 nm) 96, 97 . The known temperature dependence of the water viscosity 98 was then used to calculate the temperature in the confocal spot. Errors in temperature ( Fig. 5-6 , S20-22) are standard deviations of the triplicates.
SmFRET Data Analysis. As described previously 99, 100 , photons from individual molecules, separated by less than 100 µs were combined into bursts if the total number of photons exceeded 80. Photon counts were corrected for background, acceptor direct excitation, and different detection efficiencies of the individual detectors 101 . To remove potential aggregates, we only included bursts with a burst duration < 3 ms and a PIE stoichiometry ratio S < 0.7 102 . FRET histograms were fitted with a combination of Gaussian and log-normal functions as previously described 82 .
Fluorescence Lifetime Analysis. The average lifetimes of the donor in the presence of acceptor τDA (Fig.   S17 ) is estimated by the mean arrival time of the photons relative to the exciting laser pulse. The expected value of τDA for a static inter-dye distance is given by:
= (1 − ( )), where τD = 4 ns is the lifetime of the donor in the absence of acceptor. In contrast, a distribution of distances ( ) alters this dependence 65 . As an upper limit for a broad distance distribution, we chose the Gaussian chain model 103 .
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